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critical cellular processes by transferring ubiquitin to substrate proteins. 7 Neural precursor cell expressed, developmentally downregulated 8 (NEDD8) is a ubiquitin-like small molecule that can be activated by a NEDD8-activating enzyme (NAE) in a similar way to the ubiquitin system. 8, 9 Neddylation is the process of combining NEDD8 to substrate proteins. Mature NEDD8 is activated by NAE and transferred to E2-enzyme and conjugated to E3-ligase. 10 It has been reported that neddylation plays essential roles in promoting the progression of many different human carcinomas. Hence, inhibition of protein neddylation has become an attractive anticancer strategy. 10, 11 Neddylation inhibitor such as MLN4924 was found to play important roles in inhibiting tumor proliferation and metastasis. [12] [13] [14] In bladder cancer, MLN4924
suppressed proliferation and migration of tumors in in vitro and in vivo experiments. 15 However, the role of NEDD8 in bladder cancer remains unknown.
Data from a public database found that NEDD8 were overexpressed in BC tissues and was associated with the prognosis of patients. Therefore, in the present study, we investigated the roles of NEDD8 in BC progression by in vitro and in vivo experiments. Based on the results, we hope to better understand the pathogenesis and develop a new treatment strategy for BC.
| MATERIAL S AND ME THODS

| The Cancer Genome Atlas database
The Cancer Genome Atlas (TCGA; https://cancergenome.nih.
gov/) is an online bioinformatics database that provides biological information on different cancers. We downloaded clinical data and mRNA expressional data of patients with BC from TCGA database. Expression of NEDD8 in bladder tumors and controls was then compared. Prognostic value of NEDD8 in overall survival (OS) and disease-free survival (DFS) of BC patients was analyzed.
| Patients
A total of 115 patients pathologically and clinically diagnosed with BC were included in our study. 
| Immunohistochemistry and scoring
Tumor tissues and adjacent normal tissues were collected at the we divided the expression of NEDD8 into high (scores 3-6) and low (scores 0-2) expressional groups.
| Cell culture
Human bladder cancer T24 and 5637 cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Both cell lines were cultured in RPMI-1640 medium supplied with 10% FBS and 1% antibiotic (penicillin/streptomycin) according to the instructions. All cells were maintained at 37°C with 5% CO 2 atmosphere.
| Stable knocking-down cell lines
The effective shRNA sequence was selected to establish stable 
| Reverse transcription-qPCR
| Western blot
Cells from different groups were harvested, and proteins were extracted and concentrated using the bicinchoninic acid (BCA) method. protein expression and overall survival and disease-free survival of patients CST), anti-caspase-7 (1:500 dilution; CST), anti-MMP-2 (1:500 dilution; CST), and anti-MMP-9 (1:500 dilution; CST) overnight at 4°C.
Then, the second antibody was added for another 1 hour.
| Colony formation array
Cells (500 cells/well) were seeded into 60-mm dishes and cultured for 10 days at 37°C in 5% CO 2 . After fixation in methanol for 15 minutes, the cells were stained with Giemsa for another 10-30 minutes.
Numbers of colonies were counted under a microscope. The arrays were carried out in triplicate.
| MTT array
Proliferation of both T24 and 5637 cells was detected by MTT array.
Cells with densities of 5 × 10 3 cells/well were seeded into 24-well plates, and 50 μL of 5 mg/mL MTT solution was added and incubated for 4 hours at 37°C. Then, the medium was removed and DMSO was added. Absorbance of the cells was measured by microplate reader at 595 nm. The experiment was carried out in triplicate.
| Apoptosis and cell cycle analysis
Cells in shNEDD8 and control groups were harvested for apoptosis and cell cycle analysis. For apoptosis array, cells were stained by the Annexin V-FITC apoptosis kit (Sigma). Apoptotic cells were identified and measured by flow cytometry according to the manufacturer instructions. Cells calculated with cell cycle staining kit (MultiSciences, Tianjin, China) were used for cell cycle analysis. The arrays were carried out in triplicate. 
| Wound-healing array
| Transwell array
Cells ( 
| Animal study
All animal experiments were approved by the animal care and use committee of the Second Hospital of Tianjin Medical University. 
| Statistical analysis
All data were analyzed by SPSS 20.0 statistics software. Quantitative data were evaluated by mean ± SD. According to whether the Kaplan-Meier method and log-rank tests were carried out to estimate the prognostic value of NEDD8 in patient survival. P < .05 for the difference was considered significant.
| RE SULTS
| Bioinformatics analysis of NEDD8 from TCGA database
Data downloaded from TCGA database were used to predict the roles of NEDD8 in BC. We found NEDD8 was overexpressed in bladder tumor tissues compared to the adjacent normal controls ( Figure 1A) . Then, to investigate the associations between NEDD8 and the prognosis of BC patients, we divided the patients into high and low NEDD8 expressional groups according to the median value.
Results showed that high expression of NEDD8 was associated with worse OS and DFS of patients ( Figure 1B,C) . Results of TCGA suggested that NEDD8 was related to the prognosis of BC patients and may play an important role in tumor progression.
| High expression of NEDD8 predicted poor clinical outcomes of patients with BC
One hundred and fifteen patients with bladder cancer were collected to investigate the associations between the expression of NEDD8 and clinicopathological characteristics. Immunohistochemistry was carried out to evaluate the expression of NEDD8 protein in tumor tissues. Typical staining of strong and weak expression of NEDD8 was seen (Figure 2A) . Results showed that NEDD8 was significantly (Table 1) . Then, Kaplan-Meier analysis was carried out to analyze the prognostic value of NEDD8 in OS and progression-free survival (PFS) of patients. According to distribution of NEDD8 expression, we divided patients into two groups (high and low). Results showed that high expression of NEDD8 was significantly related to short OS (P < .05) and PFS (P < .05) of patients with BC, which was consistent with the conclusions from TCGA database ( Figure 2B,C) . In all, we concluded that NEDD8 was more likely to be an unfavorable factor, which was associated with the poor clinical outcomes of BC patients.
| Slicing of NEDD8 inhibited cell proliferation of BC cell lines
Expression of NEDD8 in the shRNA group and controls was measured by RT-qPCR and western blot. NEDD8 in the shRNA group was dramatically suppressed in both mRNA and protein levels ( Figure 3 ).
Therefore, an effective NEDD8 knocking-down cell model was successfully constructed in both T24 and 5637 cell lines. In order to explore the role of NEDD8 in BC cell proliferation, colony formation and MTT arrays were carried out. Knocking down of NEDD8 induced significant inhibition of cell proliferation (P < .05) ( Figure 4A,B) . To explore the mechanism of NEDD8 in tumor cell proliferation, expression of proliferation-related proteins was detected. Suppression of NEDD8, expression of Ki67 and PCNA proteins were significantly decreased (P < .05) ( Figure 4C,D) . According to these results, we concluded that the suppression of NEDD8 could dramatically inhibit the proliferation of BC cells by regulating relevant proteins such as Ki67 and PCNA.
F I G U R E 3 Stable knocking down of T24 and 5637 cell lines. A,B, RT-qPCR and western blot were used to confirm the efficiency of knocking down. Expression of neural precursor cell expressed, developmentally downregulated 8 (NEDD8) was dramatically inhibited in the shRNA group in both mRNA and protein levels. *P < 0.05
| Knocking down NEDD8 induced cell cycle arrest at G2 phase and promoted apoptosis of BC cells
Flow cytometry was applied to analyze the effect of NEDD8 on cell cycle progression. As shown in Figure 5 , cells in G2 phase were increased when we knocked down the expression of NEDD8 (P < .05).
Cells in S phase were decreased in the shNEDD8 group compared to controls (P < .05). Changes in G0/G1 phase were non-significant.
Then, cell apoptosis array was carried out. Results showed that when we suppressed NEDD8, the ratios of apoptotic cells were obviously increased (P < .05) ( Figure 6A ). Regarding the mechanism, we found that knocking down NEDD8 could significantly decrease the expression of apoptosis-relevant proteins caspase-3 and caspase-7 (P < .05) ( Figure 6B,C) . Taken together, suppression of NEDD8 could induce cell cycle arrest at G2 phase and promote apoptosis of BC cells by regulating apoptosis-relevant protein caspase-3 and caspase-7.
F I G U R E 4
Slicing of neural precursor cell expressed, developmentally downregulated 8 (NEDD8) inhibited the cell proliferation of both cell lines by regulating Ki67 and proliferating cell nuclear antigen (PCNA) proteins. A,B, Colony formation and MTT arrays were carried out to investigate the proliferation of tumor cells. Numbers of colonies and cells in the shNEDD8 group were significantly decreased compared to controls. C,D, Knocking down the expression of NEDD8, proliferation-relevant proteins Ki67 and PCNA were obviously downregulated. *P < 0.05
| Knocking down NEDD8 suppressed migration and invasion of BC cell lines
Wound-healing and Transwell arrays were carried out to evaluate the influence of NEDD8 on the migration and invasion activities of BC cells. Results of wound-healing array showed that knocking down NEDD8 inhibited the migration of cells compared to controls (P < .05) ( Figure 7A ). Invasion of cells in the shNEDD8 group was significantly decreased (P < .05) by Transwell ( Figure 7B ). Then, to further investigate the mechanism of the effect of NEDD8 on the migration and invasion of cells, we detected the expression of many migration-and invasion-relevant proteins in shNEDD8 cells. Results
F I G U R E 5
Knocking down neural precursor cell expressed, developmentally downregulated 8 (NEDD8) induces cell cycle arrest at G2 phase. Flow cytometry was used to analyze the cell cycle of tumor cells. When knocking down NEDD8, cells in S phase were decreased and cells in G2 phase were dramatically increased. *P < 0.05
Knocking down neural precursor cell expressed, developmentally downregulated 8 (NEDD8) induces cell apoptosis by regulating caspase-3 and caspase-7 proteins. A, Apoptotic cells in shNEDD8 group were increased significantly. B,C, When we suppressed the expression of NEDD8, the expression of caspase-3 and caspase-7 apoptotic proteins was obviously inhibited. *P < 0.05
showed that expression of MMP-2 and MMP-9 in the shNEDD8 group was significantly downregulated (P < .05) (Figure 7C,D) .
Therefore, we summarized that knocking down NEDD8 could suppress the migration and invasion of BC cells by regulating the expression of MMP-2 and MMP-9 proteins.
| Suppression of NEDD8 inhibited tumor growth and metastasis in vivo
To further investigate the influence of NEDD8 on the tumor growth of BC, T24 cells transfected with shNEDD8 and controls were injected into mice. Growth of tumors was monitored by measuring tumor volume. After 29 days, mice were killed and tumor tissues were harvested.
Results showed that tumors in the shNEDD8 group grew more slowly than those of controls. Volume of tumors in the shNEDD8 group was dramatically smaller than that of controls ( Figure 8A ). Then, metastatic tumors from lungs of mice were detected and harvested. Results found that metastatic tumors in shNEDD8 groups were smaller than those of controls (P < .05), which confirmed an effective inhibition of metastasis when we knocked down the expression of NEDD8 ( Figure 8B ). To confirm the effective knocking down of NEDD8 in tumor tissues of mice, expression of NEDD8 in different groups was detected by western blot 
| D ISCUSS I ON
Neddylation has been researched in many different human carcinomas. However, the role of NEDD8 in BC is still unknown. The present study was the first study that systematically investigated the possible functions of NEDD8 in BC progression. Data from TCGA database showed that NEDD8 was overexpressed in BC and was associated with patient survival. In our study, we found that NEDD8
was significantly related to poor clinical outcomes of patients diagnosed with BC in our hospital. Suppression of NEDD8 expression could inhibit proliferation, migration, and invasion of tumor cells.
Knocking down NEDD8 induced apoptosis and G2 phase arrest of cells. In vivo, knocking down NEDD8 could restrict tumor growth and lung metastasis in mice. Together, these results showed that NEDD8 plays an essential role in regulating the progression of BC cells.
The ubiquitin-proteasome pathway has been reported to play essential roles in human carcinomas, and inhibitors of this pathway have become new drug targets in the treatment strategy. [18] [19] [20] Neddylation is a process that combines the ubiquitin-like molecule NEDD8 with substrate proteins. 10, 11 Targeting neddylation in cancer therapy has been researched for decades. [21] [22] [23] could suppress the proliferation of tumor cells in vitro and in vivo. 15 In our study, silencing NEDD8 could dramatically inhibit the proliferation, migration and invasion of BC cells, which was consistent with the functions of previously inhibiting NAE. Therefore, by combining the results of our study and those of Kuo et al, 15 we suspect that neddylation plays a vital role in bladder tumor progression and that NEDD8 may become an effective target in BC treatment.
Neural precursor cell expressed, developmentally downregulated 8 has been identified to attach to the protein of the cullin family and combine with cullin-RING ubiquitin E3 ligases (CRL). 28, 29 It was reported that NEDD8 plays a critical role in various cellular functions in cancers. 30, 31 Xie's study found that elevated NEDD8 expression was an independent unfavorable factor in predicting OS and DFS of patients with nasopharyngeal carcinoma (NPC).
Knocking down the expression of NEDD8 by shRNA and NAE inhibitor MLN4924 could dramatically suppress proliferation and induce cell apoptosis and cell cycle arrest in NPC cells. 31 Similarly, in our study, high expression of NEDD8 was associated with poor prognosis of patients with BC. Suppression of NEDD8 could inhibit proliferation and induce cell apoptosis and G2 phase cell-cycle arrest. Together, we summarized that suppression of NEDD8 could inhibit tumor proliferation by inducing cell cycle arrest and apoptosis in BC cells.
In summary, the present study has confirmed that NEDD8 has important roles in the tumorigenesis of BC and is associated with poor prognosis of patients, which may become a useful biomarker and serve as a potential therapeutic target of BC in the future. 
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